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Introduction
The spark plasma sintering (SPS) is a breakthrough sintering technique based on a simultaneous application of high pressure (up to 150 MPa with graphite tools), high temperature (up to 2000°C with graphite tools) and high heating rate (up to 1000 K/min) on the powder bed. This process has been successfully used for the densification of a wide variety of materials [1] [2] (ceramic, metals and alloys, polymer and composites). This technique has shown great capacity for the production of highly dense materials with fine microstructures in short processing times [3] [4] [5] . Even if the SPS process is widely used in the research field, its industrialization is lagging behind in Europe compared to its country of origin [6] . The two main reasons for this lag is the process lack of productivity and the difficulties to fabricate complex shapes. Indeed, the classical use of the SPS technology is the densification of a single sample with a cylindrical shape.
Concerning the productivity aspect of this technique, one of the most promising solutions is the multiple parts sintering. The simultaneous sintering of many samples (multiple parts configurations) is technically possible [4, [7] [8] [9] , but difficult to control without optimized configurations [10] [11] . The main difficulty of the multiple parts configurations is the temperature homogeneity. Finite Element Method (FEM) simulations of the Joule heating [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and the densification [23] [24] [25] [26] [27] [28] [29] [30] are performed by many authors, with the aim of predicting the temperature and densification field and find optimized solutions [10, [31] [32] [33] [34] [35] [36] . In previous work [11] , we showed that a homogenization of the temperature field can be attained for multiple parts configurations by adjusting the electric current flow with electric insulations and specific geometrical tricks.
Concerning the densification problems of the complex shapes, even if the thermal gradients could be a problem, most of the time, the main difficulty is the thickness differences resulting from the complex sample geometry [32, 35, 37] . We showed in a previous work [30] that this intrinsic difficulty is responsible for densification inhomogeneity for all die compaction type processes. In a complex shape, the areas of small thickness need lesser densification distance than the high thickness area. Consequently, in die compaction process, these small thickness areas densify earlier compared to the rest of the part, and they block the punches displacement preventing the overall densification. In general, the more thickness differences a shape has, greater the densification inhomogeneity.
The resolution of this problem is mandatory for the densification of complex shapes. Many solutions exist in the literature. The most basic one is a machining approach of a dense sample with a simple geometry [6, 38] . The limitation of this approach is the difficulty of the machining process, and its cost mainly for fragile materials like ceramics. It is also possible to use a machine with different independent punches or a configuration with different height punches [31] [32] [33] 35] . These approaches allow one to homogenize the densification for complex shapes, but the main drawbacks are the cost and fragility of the complex tools or the lack of adaptability since each tool is specifically designed for the shape to be elaborated. An original approach using a sacrificial material has been presented in a previous study [36] for the densification of a shape with a high thickness differences. This method is appropriate for shapes with a limited number of thickness variations. However, for high complexity shapes, this approach is also difficult to perform. Finally, the ideal approach should be low cost, suitably adaptive to a wide spectrum of shapes and materials, allow a complete densification with a homogeneous microstructure and allow for high productivity. The patented method [39] presented in this paper called "deformed interfaces method" (named Deformint in the text) has the potential to reach all the positive characteristics mentioned above.
The deformed interfaces approach
The deformed interfaces method also called "DEFORMINT" consists of assembling a minimum of two porous areas separated by one or several interfaces. The porous areas can be powder beds or porous bodies. The interface main role is: i) to maintain a physical and/or chemical separation between the two porous bodies up to their full densification and ii) to allow the post-sintering separation of the parts. The association of the porous bodies and the interface(s) will define an assembly with a global geometry which is to be simple (i.e. without thickness variations) in order to allow its complete densification. Most of the time, the assembly will define a cylinder or a parallel-piped geometry. The assembly is made of a complex shape porous area covered by a separation material and surrounded by another sacrificial porous area that is the opposite of the first shape to create an external simple geometry (cylinder). The process is divided into three main steps (Fig. 1a) , the generation of the porous materials assembly, the densification of the assembly and the separation of the parts (elimination of the sacrificial material).
The first and most delicate step is the generation of the assembly, because we need to place a separation interface made of an inert powder between two or more porous body and/or powder areas. In this paper, we will outline two methods to generate this internal complex shape interface. The first approach uses a spray of inert powder at the surface of an imprint in a powder bed to create the separation interface (Fig. 1b) . The other approach uses a graphite foil as semi-rigid separation interface between the powders areas (Fig. 1c) .
The sintering step is responsible for shrinkage of the overall shape and the internal interface shape. This shrinkage must be previously predicted by a 1D or 3D scale factor depending of the sintering method used (i.e. uniaxial or isostatics pressure respectively). When only uniaxial load is applied like in die compaction, this factor can be easily calculated with the initial and final relative density of the part to be sintered.
where h i , h f , d i and d f are the initial and final sample height and relative density respectively. This relation is applicable for regular assembly shape with a unique powder. When two different powders are employed some complex distortions may occur and need to be anticipated by finite element simulations. The separation step is often the elimination of the sacrificial material. In this study, this step is performed by soft fracturing of the sacrificial parts.
The main objective of this approach is to achieve the total densification of highly complex shape parts. This method can be assimilated to the densification of a simple geometry, mainly a cylinder (therefore easy to densify) containing internal interfaces defining at the initial stage the green of the complex part. In addition to the advantage of densification for complex shapes, this approach allows to simultaneously sinter multiple parts as it is possible to place several internal shapes in the main assembly. These multiple parts assembly can be generated by previously prepared green specimens or by direct filling of the powder in pre-separate semi-rigid interfaces. The productivity of the SPS technology can then be improved by this approach. Concerning the economical aspect, the sacrificial material is a pure waste, but it is possible to minimize this waste using a different and low cost materials for the sacrificial parts.
Experiments
In this study, the potential of the deformed interfaces method is tested with three main groups of experiments. The feasibility of the deformed interfaces method is first tested with a spherical shape and the imprint method (see Fig. 1b ). For this first experiment, a PMMA powder is chosen because the initial relative density is close to 50% and possesses nearly no cold compaction. This facilitates the deformation predictability and the formation of the imprint in the powder bed. The spherical shape is an interesting case because it is made of continuous variation of the thickness along the compaction direction. Then, it is nearly impossible to develop it with a classical approach using uniaxial pressure assisted sintering techniques.
The aim of the second group of experiments is to test the graphite foil approach (Fig. 1c) with a cone, pyramidal and 3D star shape. To avoid any problem of carburation at the vicinity the graphite interface, an aluminum powder is chosen as its sintering temperature is about 500°C. This graphite foil approach is also used in another experiment with two different materials for the sacrificial area and the part to be formed. The aim of this part of the study is to find solutions to reduce the cost of the sacrificial material by using the cheapest powder. An alumina powder is chosen for the sacrificial material and a zirconia powder is taken for the cone. These two powders are chosen because they possess a similar sintering behavior.
Then the third type of experiment study the potential of the deformed interfaces method on a highly complex shape, a turbine blade shape is performed with a CoNiCrAlY pre-alloyed powder, an oxidation and corrosion resistant material often used for closed aeronautic applications and easy to consolidate by SPS. The same powder is also employed for the sacrificial parts reducing the initial geometry determination to a simple one-dimensional scale factor.
All the experiments were performed on the SPS machine (Dr. Sinter 2080, SPS Syntex Inc., Japan) of the Plateforme Nationale CNRS de Frittage Flash located at the Université Toulouse III-Paul Sabatier in Toulouse. Graphite (2333 mersen) tools are employed for the spacers, punches and die. A graphite foil (papyex mersen) is inserted at the powder/tools and punch/die interfaces.
Field-emission-gun scanning electron microscopy (FEG-SEM, JEOL JSM 6700F) observations on fractured samples were performed at the TEMSCAN facility, Université Toulouse III Paul-Sabatier.
Method
The difference between the imprint and graphite foil approaches lies in the way to obtain the internal separation interface. In the imprint method (Fig. 1b) we start from a powder bed and the preform is obtained using a punch. The latter has a half-ellipsoidal (stretched half-sphere shape) shape obtained by 3D printing and is covered by a boron nitride spray (the interface separation material). The halfellipsoidal part is then introduced in the die and the PMMA powder is filled around it, a small pressure (b1 MPa) is manually applied to ensure the cohesion of the imprint. The punch is then removed to obtain a powder bed with a half-ellipsoidal imprint. At this stage, the most delicate part is accomplished and an additional BN spray layer is add at the surface of the imprint for a better post sintering separation. This powder bed thus constitutes the sacrificial material, the following step consist to fill the half-ellipsoidal void (the area and the part to be formed) with PMMA powder. Because the 0.5 mm particle size PMMA powder has nearly no cold compaction, the obtained assembly has an overall relative density close to 50%. The created assembly is a cylinder of PMMA powder with an internal ellipsoidal BN powder layer. During the densification of this powder cylinder, the internal ellipsoidal interface evolves progressively to a spherical shape. Once the assembly is densified, the separation step is performed by fracturing the sacrificial material.
The graphite foil approach is close to the imprint approach except the powder is filled on both side of the graphite foil interface (Fig. 1c) . The graphite foil needs to have the stretched shape of the sample before the powder filling step. The shape of the graphite foil can be imposed by cold folding or forming processes.
Result and discussions

PMMA sphere by the imprint approach
A 20 K/min temperature ramp up the 100°C [11] is performed for the PMMA assembly densification. The separation step for the PMMA hemi-sphere is shown Fig. 2a . The image indicates the cracks propagation of the sacrificial area stopped at the contact with the BN layer, an area that remains at the powder state. Thus, the fracturing is limited to the sacrificial area. The separation is then easy and the final PMMA hemi-sphere was obtained (see Fig. 2b ). The fracturing separation method is mandatory for the PMMA case because of the very coarse interface rugosity that hang a little bit the two parts together. The complete sphere was also tested with the same methodology and two half-ellipsoids was assembled to create a powder cylinder with an internal ellipsoidal interface. The obtained sphere is presented Fig. 2c . Both sphere and hemi-sphere appear white on the photographs taken directly after the fragmentations due to some remaining BN powder bonded to their surface (the BN powder at the separation interface is white). By observing the bottom face of the hemi-sphere and the aspect of the fractured parts, one can say that the two parts are fully dense, since the polymer is transparent (see Fig. 2a sacrificial fractured part) . The densification measured by geometrical method confirms that point as the relative density of the two parts is close to 100%. This first group of experiments shows the predictability of the shape for a total densification. In the following section, the results for the graphite foils approach are presented.
The graphite foil approach
The graphite foil approach was tested on different shapes reported in Fig. 3 . A 50 K/min temperature ramp up to 550°C [40] is applied for the aluminum powder assembly densification and a further 100 K/min 1200°C for the alumina/zirconia test. The overall densification is 99% for the cone and 97% for the pyramid and the star shapes. The interesting point of these experiments is that well-defined sharp edges are obtained for both pyramidal and star shapes. This result is difficult to obtain by classical molding processes because the matter has often difficulties to fill corner edges. This problem is not present for the deformed interfaces method because the matter is present on both faces of the interface from the start. Nevertheless, a small deformation is noticeable for the star shape (Fig. 3c) precisely at the central point where all the lines converged to the central point. In this point, the graphite foil thickness (0.2 mm) prevent a good definition of this part of the star shape and because the graphite foil is manually deposited, some small distortions (shape rotated) are generated at the manual assembly stage.
Concerning the alumina/zirconia bi-material test, the result shows (Fig. 4) a well-defined cone shape with a relative density of 99% for the zirconia cone and 98% for the alumina sacrificial part. The microstructure of the cone is homogeneous as it is similar in the center and at the edge of the part with an average grain size of 0.4 ± 0.05 μm. This experiment clearly shows that cost reduction is possible using a low price sacrificial material. Furthermore, it is demonstrated that ceramic parts can be obtained with complex geometry and with nano-structured microstructures.
High complex shape densification test
The previous tests proved the feasibility of the deformed interfaces method for the different material and more or less complex shapes. In this section, the shape is a turbine blade (see Fig. 5a ). This highly complex shape possesses sharp edges, round and thin areas, right angles and high thickness variations from 2 mm to 30 mm. This shape gathers nearly all the main densification difficulties that can be encountered for the pressure assisted sintering of complex shapes. The graphite foil approach is employed with the addition of a BN spray on the foil in order to prevent the carburation of the superalloy powder. A 100 K/min temperature ramp up to 900°C [41] was applied for the CoNiCrAlY powder assembly densification. The spark plasma sintered turbine blade obtained is presented in Fig. 5b . The shape is very closed to the target (Fig. 5a) , the sharp edges, round and thin areas, right angles are very well defined and the overall densification of the part is 98% (Archimedes' method).
Such as for the star shape (Fig. 3c) , some slight discrepancies are observed on the wing shape and its location on the support. These differences also originate from a problem of the graphite foil maintain during the assembly stage. In future purpose, to prevent the appearance of these discrepancies and at the same time simplify the methodology, it is possible to design specific supporting materials that help the placement and maintain the shape of the graphite foil during the assembly stage. Nevertheless, this example shows a good densification for the very high complex shapes is then possible using the deformed interfaces method.
Conclusion
The ability of the deformed interfaces method to develop fully dense parts with highly complex shapes has been experimentally demonstrated with different types of material. This method uses a sacrificial material to homogenize the displacement field allowing a total densification whatever the complexity of the shape of the part to be formed. This method can be applied to many sintering techniques such as HIP and HP but using this method with the SPS technology allows us to control the microstructure. It is technically possible to divide the internal interface in several shapes sintered simultaneously. This method presents then an advantage to improve the productivity of techniques such as HP, HIP or SPS. The main challenge of this method is to generate an assembly of powders separated by an internal interface that possesses a complex shape. Two approaches have been presented; the imprint and graphite foil approaches. Both these methods have demonstrated their ability to generate easily different shapes difficult to fabricate in the classical approaches. Finally, a fully-dense highly complex turbine blade has been fabricated using the graphite foil approach. This example gathers all the main positives characteristics of the method: the possibility to perform shapes with high thickness variations, well-defined sharp edges, round and thin areas and right angles.
